A growth-promoting substance (GPS) for methylotrophic yeasts was purified from yeast extract. The purified GPS showed growth promotion by reducing the lag time of the growth of methylotrophic Candida boidinii, while the growth rate at the exponential phase was the same as that of growth without GPS. GPS was finally identified to be L-proline by the criteria of instrumental analysis and chemical shift assignments.
It is well known that any microbial growth is promoted markedly by the addition of yeast extract (YE) or other extracts of naturally occurring substances to a chemically defined medium. YE at a level of less than 10 mg/ml in a culture medium, which cannot be an available carbon or nitrogen source, still showed clear growth promotion for most microbes. In general, the use of YE and other extracts of naturally occurring substances in a culture medium means an additional supply of growth nutrients such as vitamins, nucleic acids, amino acids, sugars, and trace elements, which are insufficient in a chemically defined medium, but the growth of most microbes showing no critical nutritional growth requirements is still promoted by the addition of YE even in wild strains of Escherichia coli or Saccharomyces cerevisiae.
1) The addition of small amounts of YE to methylotrophic yeasts in which methanol and ammonium salts were given as carbon and nitrogen sources also showed positive growth promotion. We have been interested in GPS for microorganisms because of its basic importance in microbial physiology. As illustrated in Fig. 1 , GPS can be divided into two types, Type I and Type II, similarly to PQQ.
2)
Type I GPS is a type of essential growth factor, and the growth rate and the cell yield are greatly stimulated, as seen also in auxotrophic growth, but an appreciable reduction in lag time is not seen. Type II GPS causes a marked reduction in lag time but in the subsequent growth rate at the exponential phase, and the total growth of cells at the stationary phase is not affected at all. In the Type II GPS effect, GPS is not always an essential growth factors and normal microbial growth can be seen even in the absence of GPS after prolonged lag time. Thus, estimation of the Type I GPS effect is highly quantitative, whereas the microbial growth response in the Type II GPS effect sometimes appears far from quantitative, as seen in the Type II GPS effect observed in S. cerevisiae or acetic acid bacteria. 3, 4) We tried to isolate GPS in YE, causing growth promotion for methylotrophic yeast growth. It should be beneficial to methylotrophic yeast technology [5] [6] [7] [8] if a specific GPS can be identified.
Candida boidinii AKU 4618 was grown in a chemically defined basal medium containing the following compounds per liter: 5 g ammonium sulfate, 0.1 g NaCl, y To whom correspondence should be addressed. Tel: +81-83-933-5857; Fax: +81-83-933-5859; E-mail: osao@yamaguchi-u.ac.jp the culturing conditions without YE, C. boidinii finally grew to the stationary phase in the above medium after 60 h incubation. GPS activity was measured by a criterion of bioassay with C. boidinii by reading turbidity with a photometer at 660 nm or a KlettSummerson photoelectric colorimeter with a red filter (no. 808) covering wavelengths from 640 to 700 nm. Inoculum was prepared with basal medium in an Erlenmeyer flask containing 2% (v/v) methanol and one drop of yeast suspension (5 ml/200 ml of the medium), which had been grown to the stationary phase in the basal medium without YE. One ml of the inoculum was poured into a sterilized culture tube in which samples to be tested for GPS activity (up to 0.05 ml) were present. Under these conditions, yeast growth was observed after 40-60 h incubation when YE at 10 mg/ml or GPS was included in the culture medium, while the reference tube without YE or GPS became turbid after 60 h incubation. For GPS purification, YE (30 g, Oriental Yeast, Tokyo) was dispersed in 200 ml of methanol in a 500-ml of Erlenmeyer flask and sealed with a tight rubber stopper. The suspension was shaken overnight at room temperature. The methanol extract was obtained after filtration and evaporated under reduced pressure until the contents became highly viscous. The sample was dissolved in a minimum volume of methanol and applied to a cellulose column (2:5 Â 140 cm, Merck, Tokyo). Elution was done with methanol by reading the optical density at 275 nm. Since the majority of darkcolored GPS-inactive materials were adsorbed into the column more tightly than GPS, GPS-active fractions were eluted from the column faster than the inactive impurities. A highly concentrated GPS was then applied to a Sephadex LH-20 column (1:5 Â 140 cm) and eluted with methanol. The GPS fractions were pooled and was removed methanol by evaporation. To the concentrated GPS, citrate buffer, pH 2.5, was added until the viscous materials were dissolved. The solution was then applied to a Diaion UBK555 column (1:5 Â 30 cm, Mitsubishi Chemicals, Tokyo). Employing conditions similar to those described by Moore and Stein, 9) the column was washed with the same buffer until UV absorption at 275 nm came down to the baseline level. When the column was treated with citrate buffer, pH 3.4, the majority of GPS activity came out with the buffer. After repetition of methanol precipitation and Sephadex LH-20 chromatography, GPS fractions versus GPS activity showed a sharp peak, although the fraction did not show any significant absorbance over 210-600 nm. The finally purified GPS was given as about 200 mg of dried matter.
All fractions carrying GPS activity showed positive reaction to isatin, implying the presence of L-proline or its derivatives. On paper chromatography, GPS showed the same migration as the authentic L-proline and was positive to isatin as the coloring agent (data not shown). The data after instrumental analyses, including IR spectrum, 1 H-NMR, and 13 C-NMR, were as follows: The structure of L-proline was supported by chemical shift assignments and DEPT, H-H COSY, and HMQC correlations. Thus, GPS for methylotrophic yeast growth from YE was identified to be L-proline. In most cases, according to amino acid analysis, L-proline extended to about 0.5% of the total amino acids in YE (data not shown). Even at 1 mg/ml of L-proline, GPS activity was still observed. It can be concluded that GPS in YE for methylotrophic yeast growth was exerted by L-proline, because any other naturally occurring amino acids, including L-hydroxyproline and D-proline, were as inert as GPS. In Fig. 2 , growth promotion of C. boidinii in the presence of limited amount of purified GPS, L-proline, and YE is shown. When GPS or L-proline was increased to 10 mg/ml, the lag time was further reduced, showing the typical Type-II GPS effect. On the other hand, when decreased amounts of GPS, L-proline, and YE was given at less than 1 mg/ml, Type-II GPS activity was still detected, although the data obtained indicated the threshold under the present experimental conditions. Another methylotrophic yeast, Pichia pastoris, also showed the same growth response to purified GPS, Lproline, and YE. Regarding the physiological effect of L-proline on yeast growth, L-proline has been known as a transcription factor since 1970s. As has been recently reviewed, 10) transcriptional activation by L-proline is exerted when nutritionally unfavorable conditions are exposed to eukaryotes. When C. boidinii and P. pastoris were grown in glucose instead of methanol, yeast growth was readily observed in the absence of external Purified GPS and L-proline (L-Pro) were added at 1 mg/ml and 10 mg/ml to the growth medium (100 ml) of C. boidinii in a 500-ml side-armed Erlenmeyer flask. YE was added at 1 mg/ml to the growth medium. Yeast growth was measured by reading turbidity periodically with a Klett-Summerson photoelectric colorimeter. addition of YE. Under such conditions, a GPS effect with YE or L-proline was clearly observed if the inoculum size used was limited to the minimum, as seen in the case of the growth response of Escherichia coli and Saccharomyces cerevisiae to YE. 1) Hence we wish to propose that L-proline at very low concentrations should give the same GPS effect to methylotrophic yeasts as YE. If dark colorization of culture media or fermentation products obtained with methylotrophic yeasts is undesirable, use of low concentrations of Lproline instead of YE is highly recommended. It is uncertain whether GPS activity with such a low level of L-proline (for example, 1 mg/ml) can be still ascribed the transcriptional activation, most of which occurred at higher L-proline concentrations such as 1,000 mg/ml.
